The conventional casting alloy A356 is probably one of the most popular alloys used for semi-solid metal (SSM) forming. This is due to its high fluidity and good "castability". This alloy can be heat treated alternatively to the T4, T5 or T6 temper conditions. Previous work by the authors has shown that shorter heat treatment cycles can be applied for SSM processed A356 rather than the more costly traditional cycles (that were originally developed for liquid cast dendritic A356). The previous work was performed on relatively small rectangular plates (4×80×100mm 3 ) that were cast in steel moulds with a 50 ton high pressure die casting (HPDC) machine. This work determined whether these short heat treatment cycles (T4, T5 and T6) can be applied successfully to a larger (and more complex) casting too. Since the automotive industry has many possible applications for SSM-HPDC parts, the newly developed heat treatment cycles, as well as the traditional heat treatment cycles, were applied to A356 brake calipers cast using a 630 ton HPDC machine. Vickers hardness measurements at a cross section of the brake calipers were performed, indicating that similar values can be obtained when using the significantly shorter heat treatment cycles. Finally, the typical tensile properties that can be obtained for SSM-HPDC A356 brake calipers are compared with those manufactured by gravity die casting. These results indicate that the differences in microstructures (globular or dendritic) do not have a noteworthy effect on the heat treatment response. This implies that the short heat treatment cycles originally developed for globular SSM-HPDC A356 castings can be successfully applied to dendritic liquid A356 castings too.
Introduction
A method employed by the automotive industry to improve fuel efficiency has been the use of mass production-capable aluminium castings as part of a weight reduction strategy [1] . High pressure die casting (HPDC) has been used in the manufacture of lightweight castings to satisfy this need. However, the turbulent die-filling in high pressure die casting is responsible for oxide entrapment, porosity and blistering problems during heat treatment. This confines the application of this method to less critical structural applications. Semi-solid metal (SSM) processing has the potential to be a high volume production method that can overcome these deficiencies of conventional HPDC to produce high integrity light-weight aluminium parts. The laminar flow during SSM processing during the die-fill avoids the problems of oxide and gas entrapment and also reduces the shrinkage problems during solidification [1] . Blistering during heat treatment can therefore be prevented.
Large quantities of castings are made annually from aluminium alloy A356 (also known as Al-7Si-0.3Mg). This alloy is one of the most popular alloys used for semi-solid metal forming due to its high fluidity and good "castability" [2] . The chemical composition limits of this alloy are shown in Table 1 [3] . The use of SSM processing to produce automotive components has been described by Winterbottom [1] .
The heat treatment cycles that are currently applied to semi-solid processed components are mostly those that are in use for dendritic casting alloys [4, 5] . The assumption is that these heat treatments are not necessarily the optimum treatments, as the difference in solidification history and microstructure of SSM processed components should be considered [4] [5] [6] [7] [8] . However, very little information is available in the literature where the heat treatment response of globular and dendritic A356 components is compared.
The authors have previously [6] [7] [8] [9] [10] presented optimized heat treatment cycles for SSM-HPDC alloys A356/7 in the T4, T5 and T6 temper conditions. All the previous work was done using relatively small rectangular SSM-HPDC plates (4mm×80mm×100mm) that were cast using a 50 ton HPDC machine. The first objective of this work was to determine whether the T6 heat treatment cycles can also be applied successfully to a larger (and more complex) casting. Since the automotive industry has many possible applications for SSM-HPDC parts, the heat treatment cycles were applied to A356 brake calipers cast using a 630 ton HPDC machine. The second objective of this paper was to directly compare the heat treatment response of globular and dendritic A356 brake calipers to determine whether the differences in microstructures have any significant effects.
Experimental
Semi-solid metal (SSM) slurries of alloy A356 (chemical compositions given in Table 1 , as well as the chemical composition limits for the alloy) were prepared using the Council for Scientific and Industrial Research (CSIR) rheocasting process [11] . Automotive brake calipers ( Fig. 1) were cast in steel moulds with a 630 ton HPDC machine, resulting in a globular microstructure. More information regarding the SSM processing of the brake calipers can be found in a companion paper [12] . For comparison, automotive brake calipers of similar composition and exact design (shape, size, mass) were cast by a local manufacturer using gravity die casting (GDC), resulting in a dendritic microstructure. In the first set of experiments, the applicability of shorter heat treatment cycles on SSM-HPDC automotive brake calipers was investigated. The authors have investigated the use of shorter cycles on relatively small plates before [6] [7] [8] [9] [10] , but not on larger, more complex castings such as the automotive brake calipers (with approximate size of 150x90x50mm 3 ). Vickers hardness (2 kg) profiles (average of at least three measurements per position) through a cross section of the side-arm of the SSM-HPDC calipers were measured (see Figure 1 for the position of the cross section). Note that the cross section was taken in the same area were the tensile samples were machined from in the second set of experiments (see below). The SSM-HPDC brake calipers were heat treated to the T4, T5 and T6 temper conditions by either using the short cycles developed by the authors [6] [7] [8] [9] [10] , or by the longer "traditional" cycles that are commonly used for dendritic A356 castings [4, 5, 13, 14] . The hardness profiles were then compared to determine whether shorter cycles would give comparative values throughout the full cross section.
For the second set of experiments, the T6 heat treatment response of SSM-HPDC calipers (globular) was compared with those of dendritic GDC calipers. Vickers hardness numbers (VHN) were determined (using a 10 kg load) from the average of at least four readings per sample. The average hardness values were found to be reproducible within ± 3 VHN for both the SSM-HPDC and GDC brake calipers. Tensile properties were also determined to further compare the different casting techniques. The tensile samples ( Fig. 2) were machined from the side-arms of the brake calipers (see Fig. 1 ) and four samples were obtained from each brake caliper. All samples used for microscopy were etched in 0.5% HF solution. Hardness profile (through cross section at this point) Position of 4 tensile samples 
Results and discussion
The hardness profiles through a cross section ( Fig. 1 ) of SSM-HPDC brake caliper side-arms in different temper conditions (F or as-cast, T4, T5 and T6) are shown in Fig. 3 . The thickness of the side-arm at this selected position is seen to be 20 mm. The hardness values of the surface (at depths of 0 and 20 mm respectively) are significantly higher than the interior (which is constant for all temper conditions from depths of approximately 2-18 mm). The higher surface hardness in this case is due to surface liquid segregation that occurs with SSM-HPDC (Fig. 4) . The surface consists of a relatively hard eutectic layer and is enriched in alloying elements (except Ti, which is a grain refiner for the primary α-phase). This eutectic surface layer's influence on hardness and corrosion properties has been studied by some of the authors before [15, 16] . Figure 3 illustrates that shorter heat treatment cycles can be employed to obtain significant energy savings and increased productivity without the loss of properties.
Taylor and co-workers [17] showed that the strengthening Mg 2 Si-phase goes into solution at 540 o C within 5 minutes for alloy A356. Diffusion processes then occur to produce a homogeneous concentration profile throughout the aluminium grains. This homogenisation also occurs rapidly: within 8-15 minutes for alloy A356 [17] . It is therefore not surprising that the shorter solution treatments in Fig. 3 result in similar hardnesses than the longer "traditional" solution treatments. Also, it has been shown by the authors before [18] that artificial aging at 170 o C for 6 h results in a slightly under-aged condition (this is also supported by [13] ). However, artificial aging for 4 h at 180 o C results in peak aging [6] [7] [8] 18] . This explains why similar hardness values can still be achieved in Fig. 3 (for T5 and T6), even though the artificial aging temperature was increased from 170 to 180 o C (with the advantage that a shorter time can be employed). The first set of experiments (and previous work by the authors [6] [7] [8] [9] [10] ) has revealed that shorter heat treatment cycles than what are traditionally used for dendritic castings can be employed with SSM-HPDC A356. The second set of experiments was aimed to determine if this rapid heat treatment response is solely due to the unique globular microstructure that results from SSM processing. The investigation entailed comparing SSM-HPDC brake calipers (globular) to GDC brake calipers (dendritic). From Table 1 it can be seen that the Mg-contents of these brake calipers are similar (~0.35%). The Mg-content controls the response to age hardening, so for direct comparison of strength after heat treatment, the Mg-composition of the different calipers needs to be similar [18] . Silicon promotes castability (mainly because of the high fluidity imparted by the presence of large volumes of the Al-Si eutectic) and together with magnesium forms strengthening precipitates during heat treatment [18] . Eutectic silicon particles also play an important role in determining the tensile ductility and fracture toughness of the alloy [8] . Silicon is a faceted phase and makes the Al-Si eutectic an irregular eutectic. Modification of the eutectic from a plate-like to a fine fibrous silicon structure can be achieved by the addition of strontium (which has been achieved in both the SSM-HPDC and GDC calipers) [19] . The Fe-content of the SSM-HPDC calipers is lower than for the GDC calipers, which is actually above the upper limit of the specification (Table 1) . Iron tends to form intermetallics which have a negative influence on ductility [18, 20] . The Ti-content of the SSM-HPDC calipers is higher than the GDC callipers (Table 1) . Titanium is added as a grain refiner [16] , but, as will be discussed later, the difference in processing routes (SSM-HPDC vs GDC) plays a larger role in determining the grain size than Ti-additions. In summary, from a chemical composition perspective, it might only be the differences in Fe-content that could be significant (in terms of ductility of the castings after heat treatment).
The microstructures achieved with SSM-HPDC and GDC differ significantly. As discussed earlier, semisolid metal processing is a unique manufacturing method with the aim to obtain a semi-solid structure free of dendrites (which are formed with conventional liquid casting), with the solid present as nearly as possible in a spherical form. SSM-HPDC therefore results in a globular microstructure (Fig.5a) , whereas GDC results in a dendritic microstructure. (Fig.5b) . Modification of the eutectic from a plate-like to a fine fibrous silicon structure has been achieved by the addition of strontium (Table 1) in the brake calipers [19] .
It is evident from Fig. 5 that GDC produces a much finer microstructure than SSM-HPDC. Image analysis revealed a secondary dendrite arm spacing (SDAS) of approximately 20 µm in the GDC calipers, whereas the average globule size in CSIR SSM-HPDC calipers was approximately 60 µm. 
Solution treatment at 540
o C for 1 h results in the spheroidisation of the eutectic silicon particles in both the SSM-HPDC and GDC brake calipers (Fig. 6 ).
The Vickers hardness values (VHN) of SSM-HPDC and GDC brake calipers are compared in Fig. 7 (after removal of the eutectic surface layer). It can be seen that the hardness values are very similar in both the as-cast (F temper) and T6 temper conditions. This is slightly surprising, given the significant differences in microstructures obtained using the different casting techniques (Figs. 5,6 ).
Also note that the T6 hardness values are slightly higher than was obtained for the first set of experiments (Fig. 3) . This is due to the slightly higher Mg-contents of the alloys in Fig. 7 (Table 1) , resulting in a higher volume fraction of strengthening Mg 2 Si precipitates to be formed [18] . A comparison of the tensile properties of GDC and SSM-HPDC T6 calipers in Table 2 confirm the hardness results of Fig. 7 : the 0.2% yield strengths (YS) and ultimate tensile strengths (UTS) are similar. This result is significant as it shows that dendritic and globular A356 components respond similarly to heat treatment. The same conclusion was reached by Birol [21, 22] recently, by comparing artificial aging curves of globular and dendritic A356/7. The lower % elongation to failure (%A 5 ) of the GDC caliper as compared to the SSM-HPDC calipers is noteworthy. It is most likely due to the higher Fe-content (Table 1 ) of the GDC caliper, which is known to have an adverse effect on ductility [18, 20] . The negative effects of elevated Fe levels on the tensile properties (especially the ductility) of SSM-HPDC Al-7Si-Mg alloys have recently been studied by the authors [23] . The differences in Fe-content between the brake calipers in this study make it virtually impossible to determine the effects of globular versus dendritic microstructure on the ductility of A356.
The long "traditional" heat treatment cycles that are specified and used for dendritic castings therefore appear to be very conservative. The shorter heat treatment cycles that have been developed by the authors [6] [7] [8] [9] [10] specifically for globular SSM-HPDC castings are most likely applicable to dendritic A356 castings too (provided they are non-porous to prevent blistering during solution treatment and modified with Sr to achieve Si-spheroidisation). In order to become more cost effective and energy efficient (which has become increasingly more important since the traditional heat treatment cycles were developed), the heat treatment cycles for both globular and dendritic casting will have Finally, the YS values (which are not influenced by % elongation as is the case with the UTS) obtained for the SSM-HPDC brake calipers heat treated to T6 using the shortened cycles are compared with the values obtained for the T6-treated SSM-HPDC plates [6] [7] [8] [9] in Fig. 8 . The reproducibility of the YS by using either the small plates or the larger brake calipers is evident. For further comparison, the YS value for the GDC brake caliper is also included in Fig. 8 . The correlation between the GDC brake caliper YS value with the YS values for SSM-HPDC plates and brake calipers is excellent. This reinforces the conclusion that the heat treatment response between dendritic and globular A356 are similar. 
Conclusions 1)
Hardness profiles through the cross sections of SSM-HPDC brake caliper side arms show that shorter heat treatment cycles can be used than the "traditional" cycles used for dendritic castings.
2) The heat treatment response of A356 automotive brake calipers is not influenced by having a globular or dendritic microstructure.
3) The long "traditional" heat treatment cycles specified for dendritic castings are conservative and cost and energy savings can be achieved by using shorter cycles without compromising properties.
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